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Outline

* Introduction
e Subphenotyping of COVID-19 at infection confirmation
* Subphenotyping of Severe COVID-19 after Mechanical Ventilation

e Subphenotyping of Long COVID
* Discussions
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Loss of Chills

Muscle Loss of
aches smell
Covid -
toes : Vomiting
Rashes https://www.vox.com/2020/7/29/21327317/symptoms-of-covid-

19-coronavirus-fever-cough-toes-rash-loss-of-taste-smell



https://www.clinicaladvisor.com/home/topics/infectious-diseases-
information-center/long-covid-diagnosis-treatment/



Stratified Medicine

Precision Medicine

o Patients are grouped by:
Disease Sub-types
Risk Profiles
& Demographics
Socio-economic Factors
Clinical Features
Biomarkers
@ Molecular Sub-populations

A

Therapy (mainly Rx)

Therapy (mainly Rx)

6’ N

® ® o
Patient groups benefit from more targeted
treatment

I.I 'ﬁ| I.I
Adverse No Benefit
Event Benefit

Individual patient level:
Genomics and Omics
Lifestyle

Preferences

Health History

Medical Records
Compliance
Exogenous Factors

s ™ Companion Diagnostic
> E _ ‘ (CDx) Biomarker

Therapy (Rx + Dx = CDx)

G? GGG G

Each patient benefits from individualized
treatment

https://www.linguamatics.com/solutions/precision-medicine
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Outline

e Subphenotyping of COVID-19 at infection confirmation

Su, Chang, Yongkang Zhang, James H. Flory, Mark G. Weiner, Rainu Kaushal, Edward J. Schenck, and Fei Wang. "Clinical subphenotypes in COVID-19:
derivation, validation, prediction, temporal patterns, and interaction with social determinants of health." NPJ digital medicine 4, no. 1 (2021): 110.



Overall Setup

' 25240 J)=14
i .
A
5 major medical centers in NYC
v :
4 centers ] [ 1 center J
B e [ e
(70%){  Randomsplit v (30%) l
Development ([ Internal W External
cohort L validation cohort » validation cohort

Kaushal, Rainu, George Hripcsak, Deborah D. Ascheim, Toby Bloom, Thomas R. Campion Jr, Arthur L. Caplan, Brian P. Currie et al. "Changing the research
landscape: the new York City clinical data research network." Journal of the American Medical Informatics Association 21, no. 4 (2014): 587-590.



Data preparation

)

Derivation of subphenotypes

= Collection of presenting
laboratory test data;

—

» Data scaling;

» |Imputation of missing data

Development cohort

Patient laboratory Agglomerative
data hierarchical clustering

ﬁ dﬁl

Patients

Features (lab varia'bles)

g

. . .
......
------------------------

Subphenotypes (i.e., patient subgroups)

—>

Patients

[

Internal validation External validation
cohort cohort

Development cohort

A

[

Features (lab variébles)

Sensitivity analysis Development cohort

1. Sensitivity to outliers
Re-deriving subphenotypes after removing
outliers.

2. Sensitivity to clustering methods

Re-deriving subphenotypes using another
clustering method - Gaussian mixture model.

Re-derivation Internal validation cohort

Re-deriving subphenotypes in internal validation
cohort using agglomerative hierarchical clustering.



Prediction of subphenotypes External validation cohort

Predictive modeling of sub- Development cohort
phenotypes
Patient laboratory ~ Subphenotype XGBoost classifier RSN
data labels ARV
- w i it
@ e e )
c q_) o [ ‘_.
_-'G__.? ﬁ é -.(E ﬁ — ? _“ ﬂw :.
© . o .
[a M N Train Predict ' — | oo
— Features (lab variables) |
Features (lab variables) bl e .
Predicting subphenotype membership

~

SDoH impact on subphenotypes

Subphenotype exploration
Subphenotype interpretation

Visualization - UMAP SDoH data Hierarchical clustering

Characterization @
Demographics E

Biomarkers
Comorbidities

Clinical outcomes SDoH strata

Medications l

Temporal pattern of subphenotypes Subphenotype outcome
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Cohort Characteristics

Characteristics

No. of patients

Construction method

Age, y, Median (IQR)
Sex female, N (%)
Race, N (%)

Multiple race

Other/unknown
Outcomes (60 days), N (%)

Mortality

Mechanical ventilation
(intubation

ICU admission

Development cohort Internal validation cohort External validation cohort
8,199 3,519 2,700

Remaining 30% patients from 4

sites of INSIGNT network: NYU

Langone Medical Center, NYP- NYP-CUMC

WCMC, Mount Sinai Health System,
and Montefiore Medical Center

70% patients (randomly selected)
from 4 sites of INSIGNT network:
NYU-LMC, NYP-WCMC, MSHS, and
MMC

63.53 [50.57 - 75.15] 63.51 [50.95 - 75.17] 65.58 (51.08 - 77.39)
3,787 (46.2) 1,585 (45.0) 1,305 (48.3)
2,036 (24.8) 838 (23.8) 675 (25.0)
2,155 (26.3) 915 (26.0) 545 (20.2)

409 (5.0) 193 (5.5) 28 (1.0)

39 (0.5) 13 (0.4) 912 (33.8)
3560 (43.4) 1560 (44.3) 540 (20.0)
1529 (18.65) 696 (19.78) 556 (20.59)
1154 (14.07) 497 (14.12) 248 (9.19)
1494 (18.22) 661 (18.78) -
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Abnormal biomarkers vs. Subphenotype |
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Comorbidity vs. Subphenotype |

CAD HF COPDAT

Comorbidity vs. Subphenotype Il
A Cong, & A
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Comorbidity vs. subphenotypes
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Survival probability

Internal validation cohort

Subphenotype — | — 1I n — v
1.00
> 0.754
Development cohort 3
2
Subphenotype — | — I m — v S 0.50
©
2
>
100 9 - \5
p < 0.0001
0.75
0.00 4
0 10 20 30 40 50 60
0.50 1 Time (days)
External validation cohort
0.25 1 p < 0.0001
Subphenotype — | — 1I n — v
0.00 A 1.00-
0 10 20 30 40 50 60
Time (days)
> 0.75
B
®©
o)
o
o 0.50~
©
2
2
>
D .25+ p < 0.0001
0.00 -
0 10 20 30 40 50 60

Time (days)



Outline

* Subphenotyping of Severe COVID-19 after Mechanical Ventilation

Su, Chang, Zhenxing Xu, Katherine Hoffman, Parag Goyal, Monika M. Safford, Jerry Lee, Sergio Alvarez-Mulett et al. "Identifying organ dysfunction
trajectory-based subphenotypes in critically ill patients with COVID-19." Scientific Reports 11, no. 1 (2021): 15872.



An Early Conceptual Model for the Progression
of COVID-19 in Acute Phase

Stage | Stage Il Stage Il
(Early Infection) (Pulmonary Phase) (Hyperinflammation Phase)
R 7 N

Viral response phase

Host inflammatory response phase

Severity of lliness

Time course

ARDS
SIRS/Shock
Cardiac Failure

Shortness of Breath
Hypoxia (Pa02/Fi02<300mmHg)

= Mild constitutional symptoms
Clinical Fever >99.6°F
Symptoms Dry Cough, diarrhea, headache
Lymphopenia, increased
prothrombin time, increased D-
Dimer and LDH (mild)

Elevated inflammatory markers
(CRP, LDH, IL-6, D-dimer, ferritin)
Troponin, NT-proBNP elevation

Abnormal chest imaging
Transaminitis
Low-normal procalcitonin

Potential [ Remdesivir, chloroquine, hydroxychloroquine, convalescent plasma transfusions ]
Therapies [ B A ] [ Corticosteroids, human immunoglobulin, ]
2 IL-6 inhibitors, IL-2 inhibitors, JAK inhibitors

Siddiqgi, Hasan K., and Mandeep R. Mehra. "COVID-19 iliness in native and immunosuppressed states: A clinical-therapeutic staging proposal." The Journa{6
of Heart and Lung Transplantation 39, no. 5 (2020): 405.



Sequential Organ Failure Assessment

Central nervous system (CNS) P
dysfunction

Y
@ o—_ Cardiovascular dysfunction “

Respiration dysfunction Q\
/ Liver dysfunction "

17

(Blood) coagulation dysfunction Renal dysfunction




Cohort Setup

Mar 15t to May 12t
New York Presbyterian New York Presbyterian
Weill Cornell Medical Center Lower Manhattan Hospital
(NYP-WCMC) - 348 patients (NYP-LMH) - 100 patients
Development Validation

Post-intubation SOFA trajectory

Intubation time

* SOFA scores were calculated every 24 hours

M * Patients missing more than 3-days SOFA
OQ‘ data were excluded

\ )
|

7-days window after intubation




Baseline Stratification

Mild stratum
SOFA 0-10

.

Intermediate stratum
SOFA 11-12

Severe stratum
SOFA 13-24

&P

Respiration SOFA

CNS SOFA

Cardiovascular SOFA

Renal SOFA

Liver SOFA

Coagulation SOFA

DE

ADE4e

Mild

3.45 (0.89)
3.34(1.13)
1.32(1.34)
0.16 (0.54)
0.20 (0.46)
0.12 (0.40)

Intermediate

3.89 (0.45)
3.72(0.47)
3.41(0.88)
0.35 (0.67)
0.14 (0.43)
0.04 (0.20)

Severe

3.97(0.25)
3.94 (0.24)
3.69 (0.70)
1.96 (1.44)
0.37 (0.67)
0.28 (0.64)

19



Trajectory Grouping

Mild stratum

Severe stratum

Dynamic time wrapping (DTW)

Patient-wise distance matrix Clustering

>

[

Subphenotypes with
homogeneous SOFA trends

v

20



Identified Subphenotypes

SOFA score

Mild stratum Intermediate stratum Severe stratum
(Baseline SOFA 0-10) (Baseline SOFA 11-12) (Baseline SOFA 13-24)
24 24 24
Worsening (individual)
Recovering (individual)
204 = Worseni.ng (mean) 20 4 20 4
== Recovering (mean)
16 A 16 A 16 -
12 | / 12 | & 12 |
8 1 > \ 87 8 1
4 4 4
0 T T T T T 0 T T T T T T T O T T T T T T T

1 2 3 4 5
Day post-intubation

Worsening, n=37
Recovering, n=39

1 2 3 4 5 6

Day post-intubation

Worsening, n=41
Recovering, n=75

1 2 3 4 5 6 7

Day post-intubation

Worsening, n=54
Recovering, n=72

21



Identified Subphenotypes

SOFA score

Mild stratum Intermediate stratum Severe stratum
(Baseline SOFA 0-10) (Baseline SOFA 11-12) (Baseline SOFA 13-24)
24 24 24
Recovering (individual)
Worsening (individual)
204 — Recovering (mean) 20 - 20 -
= \NOrsening (mean)
16 - 16 - 16 - =
12 1 12 A 12:4
8 8 8 1
~——
4 A 4 - 4
0 T T T T T T T 0 T T L | T T T T O T T T T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7 il 2 3 4 5 6 7

Day post-intubation

Worsening, n=7
Recovering, n=3

Day post-intubation

Worsening, n=22
Recovering, n=13

Day post-intubation

Worsening, n=12
Recovering, n=27
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Association with Outcomes

Mild stratum

Intermediate stratum

Severe stratum

1.0

o o o
£ (o)} o
1 1 1

Proportion of patients

©
N
1

*k%k

0.0 +

Day post-intubation

*  P<0.05
©  p<0.01
ok p < 0,001

— WA
*%
WE - ,
.
snmnns®
-
.
~
0“
"
+
.
“‘
)
.Q
o
. .
\ I"
: .
: :
9. .
;
P
p
. ;
. .
. .
: ‘
* 0’
" »
.
llllll *
’0
T T T T

Day post-intubation

25 30

10 15 20 25 30
Day post-intubation

Abbreviations: WA=worsening subphenotype alive; RA=recovering subphenotype alive;

WE=worsening subphenotype extubated; RE=recovering subphenotype extubated.



Association with Outcomes

Mild stratum Intermediate stratum Severe stratum
1.0 \
0.8 -
2
C ------
2 — WA — WA
© | — RA —RA L aeaseas
f‘ 061 ... WE | | eeees WE .
°c 1 . RE | | eeess RE 2 | | aeeesgeeest
c
.2
£
S 0.4 -
o
<
u N -t R it M A N IR S
0.2 -
0.0 T : T T T T T 2 T T T — | I' T T I. T
0 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
Day post-intubation Day post-intubation Day post-intubation
P<0.05 Abbreviations: WA=worsening subphenotype alive; RA=recovering subphenotype alive;
¥ p<0.01

ok p < 0,001

WE=worsening subphenotype extubated; RE=recovering subphenotype extubated.
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Discriminative Biomarker Identification

Baseline strata Subphenotype

Worsening

| mild

Recovering

Worsening

[ Intermediate ]

Recovering

Worsening

[ Severe ]

/__/
S S
g ST
<

Recovering

Biomarkers

» 27 laboratory test values

E.g., albumin, bilirubin, and
white blood cell count

* 4vital signs

Body temperature, urine
output, mean arterial
pressure, and Glasgow Coma
Scale (GCS, consciousness)

25



Discriminative Biomarker Identification

Baseline strata Subphenotype
Worsening

| omid
Recovering

Worsening

[ Intermediate ]

Recovering

Worsening

[ Severe ]

Recovering

/_/
SO e R
<
<

60

50

B 40

€ 30
@
% 20

10

C-reactive protein

kit

1

Biomarkers

Neutrophil count

30
[ Worsening
[ Recovering

[ Worsening
[ Recovering

(

i

Day after intubation

Neutrophil count, x10(9)/L
o o

2 3 4 5 6 7
Day after intubation

White blood cell count
30
[ Worsening
25 [ Recovering
S
> 20
=% T T -l
* 15 T T
310 § i
g S . . e
5 - 1
0
1 2 3 4 5 6 7

Day after intubation

Inflammatory hinders the
worsening subphenotype from
recovery.
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Discriminative Biomarker Identification

Baseline strata Subphenotype

Worsening

| mid

Recovering

Worsening
[ Intermediate ]

Recovering

Worsening
[ Severe ]

Recovering

/_/
SR R
| S
<

Biomarkers
Ferritin
— T 4
4000 T [ Worsening
[ Recovering 6‘ 3
— 3000 T i i IS)
£ €
2 £2
< 2000 g
g m 1
L 1000
1 2 3 4 5 6 7
Day after intubation
Platelet
10
[ Worsening
600 R X
d _ ecovering % 8
D T : : IS)
S € 5
T 400 <
> £
© _ E 4
2 ©
© 200 = o
o O 2
0
1 2 3 4 5 6 7

Day after intubation

Bilirubin

I Worsening
[ Recovering

1 2 3 4 5 6 7
Day after intubation

Creatinine

I Worsening
[ Recovering

1 2 3 4 5 6 7
Day after intubation

Worsening is driven by cell death,
macrophage activation and overt organ
dysfunction with disseminated

intravascular coagulation
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Outline

e Subphenotyping of Long COVID

Zhang, Hao, Chengxi Zang, Zhenxing Xu, Yongkang Zhang, Jie Xu, Jiang Bian, Dmitry Morozyuk et al. "Data-driven identification of post-acute SARS-CoV-2
infection subphenotypes." Nature Medicine 29, no. 1 (2023): 226-235.



Pipeline

-
DATABASE
EIectron.ic Health Records (EHR) <;|ata for patient.s with « INSIGHT: New York City area
lab-confirmed SARS-CoV-2 Infection from two clinical « OneFlorida+: Florida, Georgia and Alabama
research networks (CRN)
. J

~

ﬁnETHOD

? L R . ?
i Anemia| 1| (0| | O 0 i
Cohort: SARS-CoV-2 ) — — '
; . X . Circulatory problem| 1| (0| [0 0 '
i infected patients with — = — ;
i .. .. Disorders of stomach| 0| [1| [0 0 '
i newly incident conditions Viataise and fatiesel ol 121 121 3 ‘.
i s alaise and fatigue| 0| [ 1] | 1 1 i
:  within 30-180 days after g 'g' e :
i infection Nausea an Vommng_l _1 i eee i 1
; Headache| 0| | 0| |1 0 i
} Respirator problem| o| [ ol |7l ol ;
! Variables: 137 investigative .. o 3
i conditions s - ;
: Musculoskeletal pain| 0| (0| [0 1 1
i Osteoarthritis| 0| | 0| | O 1 i
Step 1. Binary vector representations of patients with incident PASC diagnosis

i 0.05 | | 0.74 | | 0.08 0.02 i
Topic2 | 0,65 | [ 0.01 | | 0.13 0.06
3 Topick-1| 0.12 | | 0.03 | | 0.53 0.03 ;
3 TopicK | 0,07 | | 0.10 | | 0.02 0.69 i

\ Step 3. Derivation of the patient representation in the PASC topic space

’ ﬂ i i |
PASC Weight PASC Weight PASC Weight
Disorders of stomach  0.32 Anemia 0.36 Musculoskeletal pain  0.34

Heart failure 0.25 Osteoarthritis 0.28

Esophageal disorders  0.20 Cardiac dysrhythmias 0.19 Spondylopathies 0.14

Step 2. Inference of PASC topics. Each PASC topic encodes a particular set of
.. frequently co-occurred incident PASC diagnosis

|
]
i
i
]
]
i
'
]
]
i
i
'
i
' Nausea and Vomiting  0.23
]
i
i
]
]
i
'
]
]
i
i
]
]
i
i
'

/ Subph.enotype 4

Subphenotype 2 A

Subphenotype 1

Subphenotype 3
Step 4. Derivation of the PASC subphenotypes as patient groups with the PASC

X topic-based representation through cluster analysis. /




Background — probabilistic topic modeling

Documents
e
/- Ry
( B
A Digital Shift on Health Data Swells Topic
By JULIE CRESWELL  FEB. 19, 2013
It was a tantalizing pitch: come get a piece of a $19 billion government “giveaway~
The approach came in 2009, in a presentation to doetors by Allscripts
Healtheare Solutions of Chicago, a well-connected player in the lucrative business of
digital medical records. That February, after years of behind-the-scenes lobbying
Allscripts and others, legislation to promote the use of electronic récor
into law as part of President Obama’s economie stimulus bill. T
suggested, were at hand.
But today, as dectors and hospi s#rliggle to make new records systems work, . TOpiC
the clear winners are big companies like Allscripts that lobbied for that legislation : aSSig nments
and pushed aside smaller competitors.
o 7
health 0.03 team 0.03 government 0.04 business  0.04 computer 0.03
TO iCS medical 0.03 basketball 0.02 law 0.02 money 0.02 system 0.02
p disease  0.02 points 0.01 politics 0.01 economic 0.02 software 0.02
hospital  0.01 score 0.01 legislation 0.01 company 0.01 program 0.01

Topic Modeling

» Topics: a distribution over all words. Global
parameters shared by all documents.

» Topic proportion: represent the
importance of each topic in representing
this document. Local parameters denotes
the new feature of each document in topic
space.

Transform the document represented by words to a new
feature represented by topics.

The basic idea of topic modeling: exploring different topics (group of some
“similar” words) for documents

Similar (word cooccurrence): some words should often appear simultaneously in one document 30



Background — probabilistic topic modeling

Documents Transform the document represented by words to a new
/ = feature represented by topics.
A Digital Shift on Health Data Swells Topic
Profits in an Industry Broportions

By JULIE CRESWELL  FEB. 19, 2013

It was a tantalizing pitch: come get a piece of a $19 billion government “giveaway~

The approach came in 2009, in a presentation to doetors by Allscripts

Vocabulary 1) Vocabulary “

Healtheare Solutions of Chicago, a well-connected player in the lucrative business of
digital medical records. That February, after years of behind-the-scenes lobbying

Allscripts and others, legislation to promote the use of electronic recorgs>es | N d u St ry 3 O TO p | C 1 O . 05
into law as part of Presidenf Qbama's economice stimulus bill. ewards, Allsc)ipts
suggested, were at hand. - N BA O 6 TO p i C2 O ) 06 O ) 3
But today, as doctors and hospi serliggle to make new records systems work, . Toplc
the clear winners are big companies like Allscripts that lobbied for that legislation : i g
\and pushed aside smaller competitors. aSS|gnmentS // economy 2 1 |:> TOpIC3 0'3 0'04
economic 3 2 Topic4 0.05 0.3
' ':;-l]tii‘al gg; :;eaasrl?etball 833 Igovemment gg; business 88; con’t\puter 833
Topics ([Gisease' 0.02 Pkl | |ooitics 0.0 | |[ERERERSEE e game 0 5 VS To p ic5 0.19 0.31
hospital  0.01 score 0.01 legislation 0.01 company 0.01 program 0.01
Topic Modeling . This vector should
business 3 4 be low-dimensional,
.u au dense, and
Topic modeling PCA This vector should continuous
r— Factors be hlgh-dlmer\5|onal,
. _ . sparse, and discrete.
Topic proportion Factor loading

31



Inclusion-
Exclusion

cascade

INSIGHT Database

INSIGHT Clinical Research
Network till 2021
N=5,346,357

Exclusion: Do not take any SARS-

Any SARS-CoV-2 PCR/Antigen
tests, March 2020 to Nov. 2021
N=1,402,348

CoV-2 PCR/Antigen tests from
March 2020 to Nov. 2021

OneFlorida+ Database

OneFlorida+ Clinical
Research Network till 2021
N=19,207,300

Exclusion: Without confirmed

With confirmed laboratory test
results

laboratory test results

Any SARS-CoV-2 PCR/Antigen
tests, March 2020 to Nov. 2021
N=718,199

With confirmed laboratory test

Exclusion: Without any diagnoses

Any diagnoses in 3 years to 7
days before COVID onset
N=638,479

in 3 years to 7 days before COVID
onset

results
N=1,219,871 N=716,563
- JI Exclusion: age<20
Adults with age=>20 Adults with age=>20
N=1,070,073 N=612,104

Exclusion: Without any diagnoses

Any diagnoses in 30 days to
180 days after COVID onset
N=384,373

in 30 days to 180 days after
COVID onset

Any diagnoses in 3 years to 7
days before COVID onset
N=392,325

Exclusion: Covid negative

SARS-CoV?2 positive patients
N=35,275

patients

Any diagnoses in 30 days to
180 days after COVID onset
N=212,403

Exclusion : Do not have any PASC

Have at least one PASC in 30 days
to 180 days after COVID onset

N=27,250

in 30 days to 180 days after
COVID onset

SARS-CoV2 positive patients
N=22,341

Have at least one PASC in 30 days
to 180 days after COVID onset

N=18,434

Exclusion: Patients with any of their

PASC appearing in baseline period

Eligible patients
Covid19+ patients with new PASC
N=20,881

Eligible patients
Covid19+ patients with new PASC
N=13,724




Subphenotype 1 (Cardi9c and Renal) Subphenotype 2 (Respiratory, Sleep and Anxiety)
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Discussions

* Complicated diseases are heterogeneous

* Snapshot
* Longitudinal

* |dentification of disease subphenotypes from patients’ clinical data
can help us better understand the clinical heterogeneity and trigger
stratified medicine

* The next step is to “validate” the subphenotypes
* External validation on independent data

* Mechanism investigation
* Treatment response assessments
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